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Abstract. The Sloan Digital Sky Survey has allowed us to increase the number of known
white dwarfs by a factor of five and consequently the number of known pulsating white
dwarfs also by a factor of five. It has also led to the discovery of new types of variable
white dwarfs, as the variable hot DQs, and the pulsating Extremely Low Mass white
dwarfs. With the Kepler Mission, it has been possible to discover new phenomena, the
outbursts present in a few pulsating white dwarfs.
1 Introduction
White dwarf stars are the final evolutionary state of stars with initial masses up to 8.5 − 10.6 M
([1]), corresponding to 95–97 % of all stars. The fraction depends on the stellar metallicity, which
affects both the Initial-Mass-Function and the Initial-to-Final-Mass Relation. For single stars, the
minimum mass of a present day white dwarf is around 0.30 − 0.45 M ([2]), because progenitors
that would become lower mass white dwarfs have main sequence evolution time larger than the age
of the Universe. Such masses correspond, considering the mass-radius relation of white dwarfs, to
a minimal log g  6.5. Evolutionary models e.g. by [3] indicate that the maximum surface gravity
for main sequence A stars, which have similar optical spectra to DA white dwarfs, corresponds to
log g ≤ 4.75, including very low metallicity. There is therefore a gap between low mass white dwarfs
and main sequence stars, 4.75 ≤ log g ≤ 6.5.
Most white dwarfs do not generate energy from nuclear fusion, but radiate due to residual gravita-
tional contraction. Because of the degenerate equation of state, contraction is accompanied by a loss
of thermal energy instead of increase as in the case of ideal gases; the evolution of white dwarfs is
therefore often simply described as cooling. The radius of an average white dwarf star is of the same
order of the Earth’s radius, which implies that they have small surface area, resulting in very large
cooling times; it takes approximately 1010 years for the effective temperature of a ∼ 0.6 M white
dwarf to decrease from 100 000 K to near 5 000 K. Consequently, the cool ∼ 0.6 M ones are still vis-
ible and among the oldest objects in the Galaxy ([4]). Therefore, studying white dwarfs is extremely
important to comprehend the processes of stellar formation and evolution in the Milky Way ([5, 6]).
The progenitors of white dwarfs lose most of their envelope in the giant phases, where mass
loss depends on metallicity. If the remainder H mass were above  10−4M∗, or the He mass above
 10−2M∗, there would be observable nuclear burning in the white dwarf phase. The limits depend on
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the mass of the white dwarf. Most white dwarfs have atmospheres dominated by H, and the remainder
by He. All other elements are only small traces, much less abundant than in the Sun, due to separation
in the strong gravitational field ([7]). The lightest elements float to the surface once the white dwarf
cools. The He-core white dwarf stars in the mass range 0.2 − 0.45 M, referred to as low-mass
white dwarfs, are usually found in close binaries, often double degenerate systems ([8]), being most
likely a product of interacting binary star evolution. More than 70% of those studied by [9] with
masses below 0.45 M and all but a few with masses below 0.3 M show radial velocity variations
([10, 11]). [2] suggests single low-mass white dwarfs result from the evolution of old metal-rich stars
that truncate evolution before the helium flash due to severe mass loss. They also conclude all white
dwarfs with masses below  0.3 M must be a product of binary star evolution involving interaction
between the components, otherwise the lifetime of the progenitor on the main sequence would be
larger than the age of the Universe.
In Figure 1 we show the results of our effective temperature and surface gravity determinations
for all candidates from SDSS. We calculated the single star evolutionary models shown in the figure
with the MESA ([12]) evolutionary code, including diffusion. In Figure 2 the evolutionary models are
those with rotation and diffusion of [13].
Even though the low resolution hydrogen lines observed in SDSS spectra are poor surface gravity
indicators below Teff  10 000 K, considering the SDSS spectra are concentrated mainly outside the
Galaxy disk, we were surprised that several thousand stars were classified by the SDSS pipeline as A
and B stars. Considering their lifetimes on the main sequence smaller than 1 Gyr, and their distance
modulus (m − M) ≥ 14.5 at the SDSS bright saturation, if these stars were main sequence stars,
there would be a considerable population of young stars very far from the Galactic disk. Using their
measured radial velocities, and proper motions if available, [14] estimated their U, V, W velocities and
show there would be a large number of hypervelocity A stars, not detected up to date. If these stars are
in fact low mass counterparts of interacting binary evolution, similar to the models of [13, 15], they
are mainly concentrated in the Galactic disk. Considering we do not know their metallicities, and that
low ionization potential metals contribute significantly to the electron pressure, we estimated their
surface gravities with two sets of models, a pure hydrogen model and a solar composition model. The
estimated surface gravities with solar metallicity models were on average Δ log g  0.5 dex smaller,
but not systematically. Our plotted values are the solar metallicity ones.
1.1 Interacting binaries
[17] found an RR Lyrae with 0.26 M, and [16] found a 0.23 M pulsating subdwarf (sdBV). Inter-
acting binary with mass exchange models by [13] show that during a hydrogen shell burning pulse,
an extremely low mass white dwarf can cross the main sequence, horizontal branch and even giant
instability strip. [18] estimate that up to 5% of stars that cross the RR Lyrae and Cepheid instability
strip are binaries.
DA white dwarf stars with masses M ≤ 0.45 M and Teff < 20 000 K are Low Mass and Extremely
Low Mass (ELM) as found by [9–11, 19–22]. [23]–[27] found pulsations in eight of these ELMs,
similar to the pulsations seen in DAVs (ZZ Ceti stars), as described in [29]. [30] found 17 pre-ELMs,
i.e., helium–core white dwarf precursors, and [31, 32] report pulsations in six of them. Pulsations
are an important tool to study the stellar interior, and [33] – [37] report on theoretical models and
pulsations of ELMs. [38] and [39] show there are thousands of stars, photometrically classified as
blue horizontal branch stars by [41–43], that have spectroscopic estimated surface gravities much
higher than main sequence stars (log g ≥ 4.75) and therefore must have radii smaller than the Sun,
classifying them as sdAs, in line with the hot subdwarfs reviewed by [44]. [14] discuss they are
possibly ELM white dwarf stars. [38, 45] show that photometrically selected white dwarfs have a
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Figure 1. Estimated effective temperature and superficial gravity for 79 440 blue stars in the Sloan Digital Sky
Survey up to Data Release 13, and single star evolutionary models for different metallicities, showing there is
a region in the middle of the diagram that no single star evolutionary models cover. Data of different colors
represent distinct spectral classification and catalogs, DAs in light green, DBs in red, sdBs and sdOs in yellow,
sdAs in dark green and black and the pulsating stars. The Zero Age Horizontal Branch (ZAHB) and Terminal
Age Horizontal Branch (TAHB) plotted were calculated with solar composition models.
contamination around 40%. Even the ones selected also from proper motion by [46] show significant
contamination by non-white dwarf objects, when spectra are available.
Most stars that produced white dwarfs are born in binaries or multiple systems. [47] demonstrates
that while around 70% of stars more massive than the Sun are in binaries, two-thirds of the most
common stars, M type dwarf stars, are single. More than 10% of the spectroscopically identified white
dwarfs in SDSS have red companions ([38, 48]). [49, 50] show that nearly 25% of all main sequence
binaries are close enough that mass transfer interactions occur when the more massive star becomes
a red giant or an asymptotic giant star. If mass transfer exceeds the Eddington limit, the secondary
star is not able to accrete the transferred material and the system evolves through a common envelope
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Figure 2. Estimated effective temperature and superficial gravity for 79 440 blue stars in SDSS Data Release 13,
and interacting binary star evolutionary models ([13]), showing the region in the middle of the diagram is covered
by interacting binary models. sdBs, SX Phe, ELMs and pre-ELMs are in these regions.
phase, i.e., the core of the giant and the main sequence companion orbit within the outer layers of the
giant star, leading to the shrinkage of the orbit and the release of orbital energy. The orbital energy
deposited into the envelope eventually ejects it. Therefore a close binary is formed by the core of the
giant star and a main sequence companion, later a close white dwarf-main sequence binary. An ELM
will be formed if the envelope is ejected before the helium-flash, which would happen if the star has
a low initial mass, i.e., M  2 M, to reach conditions to fuse helium in the core before it becomes
degenerate.
2 Mass distribution
We estimated the masses of all DA white dwarfs found by [51], [52] and [38]. There were no new
optical stellar spectra in SDSS Data Release 13. For the DA mass distribution, we only consider
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1 Pulsating PG 1159 stars.
spectra with S/N ≥ 15 to have reliable mass determinations. From Teff and log g values obtained from
our fits, after correcting to 3D convection following [55], we use the mass-radius relations of [53],
[54] and [3] to calculate the stellar mass.
Considering that white dwarfs with larger mass have smaller radius, and therefore can only be seen
to smaller distances in a magnitude limited survey as SDSS, we calculated the density by correcting
the visible volume with the 1/Vmax method of [56], up to a maximum g = 19 magnitude. For DAs
with Teff ≥ 10 000 K, N = 4054, we estimate 〈M〉 = 0.647 ± 0.002 M, Teff ≥ 13 000 K, N = 3637,
〈M〉 = 0.646 ± 0.002 M, Teff ≥ 16 000 K, N = 3012, 〈M〉 = 0.641 ± 0.002 M, Teff ≥ 25 000 K,
N = 1121, 〈M〉 = 0.613 ± 0.003 M. The analysis shows that the DA and DB distributions have very
different shapes. The DA’s has a tail to larger masses, while the DB’s is extended to lower masses.
This is probably reflecting some limitation in the progenitors that can undergo very-late thermal pulses
and become DBs.
3 Pulsations
During the cooling of the white dwarf star, partial ionization zones of C, O, He and H develop at
subsequently lower Teff . Such partial ionization zones increase the opacity and cause pulsations. For
C/O, the stars are called pulsating PG 1159 stars, DOVs or GW Vir stars, and occur at 140 000 K 
Teff  75 000 K. For He, 32 000 K  Teff  22 000 K and are called DBVs. For H, 13 000 K  Teff 
10 500 K and are called DAVs or ZZ Ceti stars. Recent additions are the DQVs, with 22 000 K 
Teff  18 000 K, and with 10 000 K  Teff  8 000 K, the ELMVs and the pre-ELMVs or EL CVn
stars.
4 Magnetic fields
[57] presents a review on magnetic fields in white dwarf stars. When examining each candidate SDSS
spectrum by eye, [38, 51, 52] found 822 stars with Zeeman splittings indicating magnetic fields above
2 MG — the limit where the line splitting becomes too small to be identified at the SDSS spectral
resolution ([58]). The mean fields, estimated following [59], range from 2 MG to 700 MG. We
caution that stars with large fields are difficult to identify because fields above around 30 MG intermix
subcomponents between different hydrogen series components so much that, depending on effective
temperature and signal-to-noise, it becomes difficult to identify the star as containing hydrogen at all,
and affecting even the colors significantly. Both the low field limit and the high field limit are totally
dominated by systematic effects, not the real limits. The effect of the magnetic field on pulsations has
been estimated by, e.g., [80, 81].
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Table 2. Rotation periods of white dwarfs as determined via asteroseismology.
Star Prot [h] Teff [K]1 Type M [M]
RX J2117.1+3412 28 170000 GW Vir 0.72
PG 1159-035 33 140000 GW Vir 0.54
NGC 1501 28 134000 [WCE] 0.56
PG 2131+066 5 95000 GW Vir 0.55
PG 1707+427 16 85000 GW Vir 0.53
PG 0122+200 37 80000 GW Vir 0.53
PG 0112+104 10.17 31040 DBV 0.58
KIC 8626021 43 29700 DBV 0.56
EC 20058-5234 2 25500 DBV 0.65
GD 358 29 23740 DBV 0.54
G 226-29 9 12510 ZZ Ceti 0.83
G 185-32 15 12470 ZZ Ceti 0.67
SDSS J113655.17+040952.6 2.6 12330 ZZ Ceti 0.55
SDSS J161218.08+083028.1 0.93 12330 ZZ Ceti 0.79
Ross 548 37 12300 ZZ Ceti 0.63
GD 165 50 12220 ZZ Ceti 0.68
LP 133-144 41.8 12150 ZZ Ceti 0.59
KIC 11911480 86.4 12160 ZZ Ceti 0.58
L 19-2 13 12070 ZZ Ceti 0.69
HS 0507+0435 41 12010 ZZ Ceti 0.73
EC 14012-1446 14.4 12020 ZZ Ceti 0.72
KUV 11370+4222 5.56 11940 ZZ Ceti 0.72
G 29-38 32 11910 ZZ Ceti 0.72
HL Tau 76 53 11470 ZZ Ceti 0.55
SDSS J171113.01+654158.3 16.4 11130 ZZ Ceti 0.90
GD 154 50.4 11120 ZZ Ceti 0.65
KIC 4552982 15.0 10860 ZZ Ceti 0.71
SDSS J094000.27+005207.1 11.8 10590 ZZ Ceti 0.82
1 The effective temperatures and masses are corrected to 3D convection ([40]).
5 Rotation
In general the measured rotation period for single white dwarfs ranges from 1 h to 18 d, with a median
around 1 d ([60]). The fastest single white dwarf rotator from asteroseismological measurements
(Table 2) is the 0.79 M DAV SDSS J161218.08+083028.1 discovered by [61], assuming the two
observed periods at 115.0 s and 117.0 s are two components of a rotation triplet.
Differential rotation in white dwarfs was studied in [62]–[65], using the change in rotation splitting
of non-radial pulsations.
6 Axions and dark mass
Axions are the best candidates for dark mass ([68]). [69–74] show white dwarf pulsations and lumi-
nosity function are consistent with extra cooling caused by axions of masses around 17 ± 4 meV.
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7 Fitting models
The pulsation spectra exhibited by ZZ Ceti stars strongly depend on their inner chemical profile. There
are several processes affecting the chemical profiles that are still not accurately determined. See [75]
for a study of the impact of the current uncertainties in stellar evolution on the expected pulsation
properties of ZZ Ceti stars.
Each single period is determined by the integral of the pulsation kernel (or work function) over the
whole star. It cannot distinguish among different distributions, as demonstrated for example by [79].
If different modes are not independent, i.e., they sample the same regions of the distributions, they
carry less information than independent modes. [76] propose one could determine the whole chemical
distribution profile from pulsations. [77] performed a test using ten periods, namely the modes l = 1,
k = 2, 3, 4, 5, 6 and l = 2, k = 3, 4, 5, 6, 7. Note that in these tests, a sequence of consecutive modes
k = 2, 3, 4, 5, 6 is needed to sample the structure, a sequence that is usually not seen in real stars.
ZZ Ceti stars show different pulsation spectra: hot stars show few short modes that sample the inner
parts of the star while the cool stars show many long modes, which sample the outer parts of the stars.
These characteristics must be taken into account when asteroseismology is applied to white dwarfs.
A good example of a hot ZZ Ceti pulsator is G 117-B15A, with three modes. Were it not for the
convection description problem, that introduces an uncertainty of ΔTeff  500 K, and the problem
with line broadening that gives different log g from different spectral lines, we could use the 3 modes
of G 117-B15A to get 3 structural parameters, plus dP/dt to estimate the core mean molecular weight.
8 Kepler satellite
Observations of pulsating white dwarfs with the Kepler satellite are limited to the brightest objects
due to the relatively small size of the telescope, but its long observations have allowed not only an
exquisite precision in the pulsation spectra but also the discovery of outbursts lasting hours ([82–84]).
These outbursts resemble the forte episode observed in 1996 for the DBV GD 358 by [85, 86].
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